Introduction
============

The fast development of nanomaterials in the quest for green, eco-friendly routes for new products often culminates in the utilization of microorganisms[@b1-nsa-11-001] and plant biomasses for the manufacture of sustainable nanocomposites[@b2-nsa-11-001],[@b3-nsa-11-001] and nanoparticles,[@b4-nsa-11-001]--[@b6-nsa-11-001] which are frequently used in biological approaches.[@b7-nsa-11-001] In this scenario, the sweet orange (*Citrus sinensis*) presents various possibilities of biomass utilization since, after juice extraction, the remaining 50% of the fruit material is composed of peel, albedo, seeds, and bagasse.[@b8-nsa-11-001] This biomass is rich in bioflavonoids, insoluble (22.9%) and soluble fibers (18.6%), as well as proteins (4%),[@b9-nsa-11-001] all of which have potential applications in nanobiotechnology, such as in the synthesis of silver nanoparticles (AgNPs).

Many biological routes of AgNPs synthesis have been reported using plant extracts, such as oranges,[@b10-nsa-11-001],[@b11-nsa-11-001] lemons,[@b12-nsa-11-001] pepper,[@b13-nsa-11-001] red cabbage,[@b14-nsa-11-001],[@b15-nsa-11-001] *Aloe vera*,[@b16-nsa-11-001] *Nigella sativa*,[@b17-nsa-11-001] *Pulicaria glutinosa*,[@b18-nsa-11-001] *Justicia glauca*,[@b19-nsa-11-001] *Mimusops elengi* L.,[@b20-nsa-11-001] and coffee.[@b21-nsa-11-001] However, in most cases, a deep characterization of the biomolecule coating is not made. It is known that the reducing agents may include flavonoids, membrane proteins, NAD(P)^+^ reductases, dehydrogenases, citric acid, polyphenols, and secondary metabolites,[@b22-nsa-11-001] whereas the capping agents may be extracellular proteins, enzymes, peptides, and tannic acids.[@b23-nsa-11-001] Previous studies by our research group have already elucidated the protein involvement in AgNPs synthesis using fungi, which happens through nitrogen- and sulfur-containing groups,[@b24-nsa-11-001],[@b25-nsa-11-001] but no reports on protein identification in plant-mediated AgNPs synthesis have been made so far. The protein corona is known to be constituted by a soft corona and a hard corona, which have distinct dissociation constant values.[@b26-nsa-11-001] Moreover, it has a large influence on silver ion release[@b27-nsa-11-001] and nanoparticle internalization,[@b28-nsa-11-001] which are processes intrinsically related with the antibacterial properties of AgNPs. Knowing the composition and properties of the components involved in plant extract-mediated AgNPs syntheses could complement the research field and provide insights into protein corona composition and kinetics, which could lead to a tailored, scaled-up, industry-oriented process.

On the other hand, carbohydrate-stabilized nanoparticles usually involve carboxymethyl polysaccharide[@b29-nsa-11-001],[@b30-nsa-11-001] and can also be made via biogenic synthesis.[@b31-nsa-11-001],[@b32-nsa-11-001] Nevertheless, very few reports have been performed on AgNPs stabilized by nanocellulose.[@b33-nsa-11-001] This material can be extracted from various types of biomasses, including oranges,[@b34-nsa-11-001] and presents a great potential as a renewable nanomaterial owing to its sustainability, high versatility (in the form of nanofibrils, nanowhiskers, or nanocrystals), and ease of extraction.

In this paper, orange waste is used to provide distinct capping compositions (protein, nanocellulose) to in situ synthesized AgNPs to evaluate the effects of distinct surface-bound biomolecules on the size, morphology, and antibacterial activity of the nanoparticles. For the biological route, the composition of the protein corona is elucidated. The nanoparticles were assessed regarding their antimicrobial potential against *Xanthomonas axonopodis* pv. *citri* (*Xac*), the bacterium responsible for the citrus canker disease, often observed in oranges.[@b35-nsa-11-001] *Xac* causes extensive damage to orange production and hence the agricultural economy especially in Brazil, where the citriculture is extremely significant.[@b36-nsa-11-001] Thus, this study aims to show sustainable alternatives of new antimicrobial products based on nanomaterials by utilizing orange waste to produce AgNPs that are active toward a phytopathogen that affects orange plantations.

Materials and methods
=====================

Solvents and silver nitrate were purchased from Labsynth^®^ and the reagents used for the culture media were purchased from Neogen Corporation, except for the ampicillin salt, which was purchased from Sigma-Aldrich.

Preparation of orange peel extract
----------------------------------

Fresh orange peel was collected from local establishments after the juice extraction. The peel was washed with water and cut into small pieces (\~0.5 cm^2^). Fifty gram of fresh orange peel was added to 800 mL of water in a 1 L conical flask and heated up to ebullition under vigorous stirring. Once the solution reached boiling point, the heating was ceased and the mixture was filtered by simple filtration to remove coarse pieces of peel. Following this, a second filtration step was performed using an MF-MilliPore^™^ membrane filter with 0.22 μm pores under vacuum. The resulting pale-yellow solution was then stored at −20°C for up to a week.

Syntheses of AgNPs using orange peel extract
--------------------------------------------

A solution of AgNO~3~ 1 mmol L^−1^ was prepared and added to the orange peel extract in a ratio of 1:1 (v:v). The resulting solutions were protected from light with aluminum foil and mixed in a platform shaker for 2 h before resting.

Extraction of hesperidin from orange peel
-----------------------------------------

The extraction procedure of hesperidin from the orange peel was adapted from the one reported by Ikan.[@b37-nsa-11-001] Orange peel (*C. sinensis*) was placed in the oven for 16 h at 60°C and consequently \~50 g of dry peel was inserted in a Soxhlet extractor. Diethyl ether (250 mL) was used for extraction during 1.5 h to eliminate undesirable products such as essential oils. Then, methanol (250 mL) was used for extraction during 4 h. The methanol solution was cooled and evaporated under vacuum, yielding a thick brownish liquid. To this viscous liquid, 50 mL of 6% acetic acid was added under stirring. An orange-yellow precipitate became visible, which was separated from the solution using a Büchner funnel under vacuum. The solid was dried for 2 h at 60°C and allowed to cool to the room temperature before weighting. For the recrystallization step, dimethyl sulfoxide was used to make a 20% (w:v) solution of hesperidin. The same volume of distilled water was added carefully under stirring; then, the formation of pale-yellow crystals was visible. The solution was left at 4°C for several hours allowing crystallization to occur, followed by centrifugation for 5 min at 5000 rpm, washing with cold distilled water and drying under vacuum in a Büchner funnel resulting in pale-yellow pure crystals of hesperidin. The solid was dried for 2 h at 60°C, cooled to room temperature, and weighted.

Extraction of nanocellulose from orange bagasse
-----------------------------------------------

Industrial orange bagasse was stirred in boiling HCl 0.05 mol L^−1^ for 1 h (17 g for 50 mL) to remove pectin. The solid was isolated by filtration, washed with water, and then hydrolyzed for 20 min in a NaOH 3% solution at 1 atm and 120°C in an autoclave. The solid was bleached twice with NaClO~2~ 3% at 70°C, pH 4.5 for 30 min and the solid was filtered, washed with hot water, and dried under vacuum in a Büchner funnel. An aqueous suspension of microfibrillated cellulose was sonicated for 5 min in an ultrasonic processor with a tip for complete dispersion of the solid, yielding a suspension of nanofibrillated cellulose.

Syntheses of AgNPs using hesperidin and nanocellulose
-----------------------------------------------------

This procedure was adapted from the one described by Lokanathan et al.[@b33-nsa-11-001] A solution containing equal volumes of AgNO~3~ (1 mmol L^−1^) and nanocellulose extracted from orange bagasse (0.01%) was sonicated in a sonication bath for 15 min and filtered using a 0.22 μm pore sized filter to eliminate macroscopic particles. Then, a solution of 2.0 mg mL^−1^ hesperidin in NaOH (0.1 mol L^−1^) extracted from orange peel was added to the silver salt solution dropwise under stirring. The proportion used for silver nitrate, nanocellulose, and hesperidin solutions was 2:2:1 (v:v:v). An orange color appeared after a few minutes, indicating formation of nanoparticles. Once the formation was complete, nanoparticles were washed by ultracentrifugation at 14,000 rpm for 30 min and suspended in water. This procedure lowered the pH to neutral and eliminated residual hesperidin from the solution.

Characterization techniques
---------------------------

### UV--visible spectroscopy

All spectra were obtained using a UV--vis HP8453 spectrophotometer from solutions placed in quartz cuvettes with a path length of 10 mm. The spectra were taken in the range from 300 to 700 nm. The blank solutions were always prepared using the same reagents but substituting the silver nitrate solution for distilled water. For the kinetic studies, a Peltier Temperature Controller was coupled to the spectrometer in order to maintain the temperature at 25°C over 48 h with one spectrum/30 min (orange peel extract AgNPs) or over 2 h with one spectrum/5 min (hesperidin/nanocellulose AgNPs).

### Infrared spectroscopy

Spectra were obtained in an Agilent CARY 630 Fourier-transformed infrared (FTIR) spectrophotometer, from 4000 to 400 cm^−1^, 64 scans, and a resolution of 4 cm^−1^. Orange peel extract and the corresponding AgNPs suspensions were previously lyophilized. Before freeze-drying, the AgNPs suspension was centrifuged three times at 5000 rpm for 30 min, removing the supernatant every time and redissolving the precipitated nanoparticles in half of the original volume. This procedure was necessary to remove biomolecules that were not attached to AgNPs and that could mask relevant bands in the spectrum.

### Raman scattering

A Horiba T64000 Raman spectrometer was used for the analyses with the 632.8 nm laser in the range from 100 to 900 cm^−1^. A Micro Raman XploRa was used to obtain spectra with the 785 nm laser between 100 and 4000 cm^−1^. A sample of orange peel extract AgNPs was freeze-dried prior to analysis.

### Zeta potential and dynamic light scattering

All the data were acquired in a Zetasizer Nano ZS (Malvern Instruments Corp., Malvern, UK) analyzer. Both Zeta potential and size measurements were made at 25°C using a disposable folded capillary cell DTS1070 and running three manual measurements with 15 scans each.

### X-ray diffraction

The analyses were performed in a DRX7000 Shimadzu using a copper target with Kα=1.54 Å, 40 kV, 30 mA, in a range covering from 2θ=30° to 80°, with a rate of 2° per minute. The samples were previously lyophilized.

### Transmission electron microscopy

AgNPs suspensions were diluted in deionized water 1:3 (v:v) and then dried overnight on the sample holder. Analyses were carried out in a Carl-Zeiss Libra 120 microscope using HV=80 kV. Particle counting was done with ImageJ software (National Institutes of Health).

### Inductively coupled plasma optical emission spectroscopy

This technique was utilized to assess the yield of the AgNPs syntheses. Samples of both types of AgNPs, washed (centrifugation at 14,000 rpm for 30 min at 25°C; dispersion in distilled water) and unwashed, were used. A measured quantity of 500 μL of the sample was digested with 500 μL of HNO~3~ (conc.) for 16 h period. Then, each solution was diluted to 10.0 mL with ultrapure water, and the concentration of silver ions was detected using Perkin Elmer--Optima 8300 equipment. The calibration curve was made using an Ag standard solution in 2%--5% HNO~3~. The yield of the process was calculated as the ratio between the quantity of silver detected in the washed samples and the quantity of silver in the unwashed samples.

### Mass spectrometry

This procedure was optimized from the one described by Aragão et al.[@b38-nsa-11-001] The orange peel extract AgNPs suspension (Or-AgNPs) was first washed by ultracentrifugation (14,000 rpm, 30 min, 25°C) and redispersed in 1/10 of the original volume to remove unbound proteins. Digestion was carried out using a standard protocol using trypsin enzyme (Sequencing Grade Modified Trypsin, Promega). Isolation of peptides was then performed using a standard procedure for solid phase extraction using acetonitrile (1% formic acid). The resulting solution was then concentrated by vacuum centrifugation and solubilized in 8 μL of water containing 1% formic acid prior to ultra performance liquid chromatography-tandem mass spectrometer (UPLC-MS/MS) analysis. An aliquot of 4.5 μL of proteins resulting from peptide digestion was separated by C18 (100 and 6100 mm) RP-nanoUPLC (nanoAcquity, Waters) coupled with a Q-Tof Premier mass spectrometer (Waters) with a nanoelectrospray source at a flow rate of 0.6 mL min^−1^. The gradient was 2%--90% acetonitrile in 0.1% formic acid over 90 min. The nanoelectrospray voltage was set to 3.5 kV, with a cone voltage of 30 V, and the source temperature was 100°C. The instrument was operated in the "top three" mode, in which one MS spectrum is acquired followed by MS/MS of the top three most-intense peaks detected. After MS/MS fragmentation, the ion was placed on exclusion list for 60 s. For data analysis, the spectra were acquired using software MassLynx v.4.1 and the raw data files were converted to a peak list format (mgf) without summing the scans by the software Mascot Distiller v.2.3.2.0, 2009 (Matrix Science Ltd.) and searched against the database *C. sinensis* 2017 (88,146 sequences, 36,207,566 residues) using Mascot engine v.2.3.01 (Matrix Science Ltd.), with carbamidomethylation as fixed modifications, oxidation of methionine as variable modification; one trypsin missed cleavage and a tolerance of 0.1 Da for both precursor and fragment ions.

### Bioinformatics

The server I-TASSER was used for protein structure prediction, followed by RasMol (v. 2.5.7.2.) for protein modeling. The metaserver COACH was used for function prediction, and BLAST (Basic Local Alignment Search Tool--National Center for Biotechnology Information) was utilized for sequence alignments.

### Bacterial culture

Strain 306 of *Xanthomonas axonopodis* pv. *citri* (*Xac*) was cultivated in solid culture medium containing 5 g L^−1^ yeast extract, 10 g L^−1^ peptone G, and 15 g L^−1^ agar. The culture medium was sterilized in an autoclave for 15 min at 1 atm and 120°C and ampicillin was added in a water:ethanol (1:1, v:v) solution so that the final concentration would be 50 μg mL^−1^. After inoculation, the agar plate was incubated at 35°C for 24 h. A liquid culture medium (100 mL) was prepared using the same compounds (excluding agar) in which one isolated colony from the solid bacterial culture was introduced. The liquid culture was grown over 20 h at 200 rpm and 32°C in an orbital shaker.

### MIC assay

The overnight culture, whose absorbance at 600 nm (A~600~) was measured, was diluted to 0.1 (\~10^8^--10^10^ CFU mL^−1^) using sterile NaCl (0.9%) solution. The culture medium containing antibiotic (without inoculum) was also used, as well as the stock AgNPs suspensions. Using a 96-well plate, dilutions of the AgNPs stock suspension were made using the sterile culture medium (50, 40, 30, 25, 20, 25, 10, 5, and 1 μg mL^−1^) in such way that the final volume would be 200 μL, with the posterior addition of 50 μL of the inoculum suspension. Moreover, a positive control (100 μL inoculum+100 μL sterile culture medium) and a negative control (100 μL inoculum+100 μL AgNPs suspension) were also prepared. All the wells of every row were used for the same AgNPs concentration or purpose, and the procedure was done in triplicate. The plates were incubated at 35°C for 48 h, and then the reading was performed both by visual verification of turbidity and by a 96-well plate absorbance reader (Molecular Devices SpectraMax^®^ M2; [Figure S1](#SD1-nsa-11-001){ref-type="supplementary-material"}). Following completion of this process, a second round of minimum inhibitory concentration (MIC) assays was performed expanding a small AgNPs concentration range that comprises the MIC in order to obtain a better accuracy of these values.

Results and discussion
======================

Bio-based syntheses using citrus waste and AgNPs characterization
-----------------------------------------------------------------

AgNPs were synthesized using aqueous orange (*C. sinensis*) peel extract mixed with a silver nitrate solution (Or-AgNPs) ([Figure 1](#f1-nsa-11-001){ref-type="fig"}). The pale-yellowish extract started changing to an orange-yellow color as the reaction proceeded and ultimately turned to a dark-orange color after \~5 h ([Figure 1A](#f1-nsa-11-001){ref-type="fig"}). The reaction was monitored by UV--Vis spectroscopy over the course of 48 h in order to study the kinetics of the reaction ([Figure 1B](#f1-nsa-11-001){ref-type="fig"}). The surface plasmon resonance (SPR) absorption band was shifted from 430 to 449 nm over the course of 48 h, suggesting that nanoparticles grew in size during this period. The nanoparticle formation was fastest during the first 5 h of the reaction, and then became gradually slower ([Figure 1C](#f1-nsa-11-001){ref-type="fig"}). The reaction was performed at room temperature, as a temperature higher than 30°C was shown to induce fast formation and aggregation of nanoparticles (as seen in preliminary tests). The pH of the orange extract (usually situated between 4 and 5) is optimal for the synthesis, as values of pH above 7 also induce aggregation, easily seen with a color change. Similarly, preliminary tests showed that a more concentrated extract as well as a more concentrated silver salt solution leads to nanoparticle coalescence.

Hesperidin had been used as a suitable reduction agent for the production of gold[@b39-nsa-11-001] and silver nanoparticles.[@b40-nsa-11-001],[@b41-nsa-11-001] Here, AgNPs synthesized via reduction with hesperidin and stabilized with nanocellulose (Hsd-AgNPs) were produced within 2 h in alkali medium ([Figure 1D](#f1-nsa-11-001){ref-type="fig"}; [Figure S2](#SD2-nsa-11-001){ref-type="supplementary-material"}), and yielded a clear yellow suspension with SPR band located at 411 nm ([Figure 1C](#f1-nsa-11-001){ref-type="fig"}), with no significant shifts. This reaction was more sensitive to the silver salt and hesperidin concentrations, as it occurred more quickly when compared with the extract-mediated synthesis. The pH was around 12.0, as the hesperidin molecule needed to be deprotonated in order to be soluble in water. High temperature (\>30°C) was again shown as a factor that induces aggregation.

The size distributions of the nanoparticles were first determined using dynamic light scattering (DLS). For Or-AgNPs, DLS analysis showed nanoparticles with an average hydrodynamic diameter of 239±1 nm, with a polydispersity (PdI) of 0.287, while for Hsd-AgNPs, the mean diameter calculated was significantly smaller (100±39 nm). The zeta potential of dispersion refers to the electrostatic voltage at the shear layer of a nanoparticle. In this AgNPs system, the zeta potential for Or-AgNPs was −19.0±0.4 mV. Usually, a colloid system would be considered electrostatically stable when its zeta potential values are above +30 mV or below −30 mV. In this case, the dispersion was stable for over 3 months as the stabilization involved not only electrostatic interactions, but also steric hindrance provided by biomolecules that interacted with the nanoparticles acting as physical barriers that avoid the coalescence and aggregation of the nanoparticles. In the case of Hsd-AgNPs, the zeta potential of −28.2±1.0 mV indicates a rather strong electrostatic stabilization possibly caused by negative charges located in the nanocellulose layer. The nanocellulose is also a physical barrier that avoids coalescence, maintaining the system stable for over a year.

Both types of nanoparticles had their yields determined by inductively coupled plasma optical emission spectroscopy quantification. The chemical synthesis of Hsd-AgNPs had a slightly superior silver conversion when compared with Or-AgNPs (99% and 83%, respectively). This result is somewhat expected as the chemical route allows the addition of the reducing agent in excess, whereas the biological route does not permit a proper estimation of the concentration of reducing agents (without a prior analysis, using liquid chromatography, for instance), and therefore, it is not possible to purposely induce complete conversion of silver ions to elemental silver at the moment of the reaction setup.

The X-ray diffraction spectra of Or-AgNPs and Hsd-AgNPs were obtained as seen in [Figure 2 A--F](#f2-nsa-11-001){ref-type="fig"}. The strongest peak at 38.1° refers to the (111) plane of the lattice. The peaks at 44.4°, 64.6°, and 77.4°correspond to the (200), (220), and (311) planes, respectively. This pattern confirms the face-centered cubic lattice, typical for AgNPs in both cases.[@b42-nsa-11-001] Despite the fact that in several biogenic AgNPs syntheses there is a concomitant formation of AgCl nanoparticles,[@b43-nsa-11-001] the diffraction pattern did not show data of Ag/AgCl nanoparticle system.[@b44-nsa-11-001]

The AgNPs were also analyzed under the Transmission Electronic Microscope ([Figure S2](#SD2-nsa-11-001){ref-type="supplementary-material"} and [Figure 2B, C, E, F](#f2-nsa-11-001){ref-type="fig"}), and it was observed that the average metallic diameter of the nanoparticles was significantly smaller when compared with the hydrodynamic diameter obtained by DLS: 48.1±20.5 nm for Or-AgNPs and 25.4±12.5 nm for Hsd-AgNPs. The morphology of Or-AgNPs is not well defined, which can be explained by the multiple reduction routes that silver ions can find in a rich solution containing various reducing agents, such as ascorbic acid, fumaric acid, citric acid, as well as the antioxidant flavonoids hesperidin, naringin, and diosmin. On the other hand, the green chemical route using only hesperidin and nanocellulose yielded spherical, smaller nanoparticles, with a higher control of the morphology.

The process of stabilizing AgNPs leads to the fact that electron-rich elements such as nitrogen, sulfur, and even oxygen establish a chemical bond with the silver atoms. Distinct organic capping may result in distinct forms of interaction of the nanoparticle surface. In [Figure 3A](#f3-nsa-11-001){ref-type="fig"}, the absorption band at 1598 cm^−1^ in the extract FTIR spectrum is shifted to 1637 cm^−1^ upon nanoparticles formation. This band can be assigned as the amide I band, which corresponds to the C=O stretching and is usually set around 1650 cm^−1^ and is highly influenced by the secondary structure of the protein.[@b45-nsa-11-001] The amide III band, which relates to the in-phase coupling of N--H bending and C--N stretching, is a broad region (1400--1200 cm^−1^) that is also intrinsically related to the secondary structure of proteins. In the extract spectrum, the amide III band is set at 1259 cm^−1^, which is then shifted to 1243 cm^−1^ with AgNPs formation. This highlights that the nitrogen atom may be involved in the AgNPs stabilization, since the electron donation from it to silver atoms would preclude the classic amide resonance. A decrease in bond strength could then lead to a shift to smaller wavenumbers. These data suggest that the biomolecule coating that stabilizes biogenic Or-AgNPs may interact with the silver atoms through nitrogen atoms coming from amide bonds, which are most probably present in proteins.

Conversely, the green chemical synthesis of Hsd-AgNPs resulted in a completely different infrared absorption spectrum ([Figure 3B](#f3-nsa-11-001){ref-type="fig"}). The split band typical of the carbonyl group from the hesperidin structure found at 1647 and 1606 cm^−1^ is not present in the Hsd-AgNPs, confirming the chemical reaction. The nanocellulose spectrum displays C--O stretching band at 1021 cm^−1^, which is shifted to 1034 cm^−1^ after Hsd-AgNPs formation, which could suggest an interaction between the cellulose chains with the metallic surface.

It is already well known that in biological media, nanoparticles eventually accumulate proteins on their surface forming what is called a protein corona. In biological synthetic routes of AgNPs formation, proteins have also been assigned as main stabilizers of the nanoparticles. However, there is lack of reports on protein corona formation in AgNPs synthesis using plant extracts. Considering that oranges have a rather high content of proteins in their constitution, a deeper analysis was made regarding not only the mode of interaction but also the identity of some proteins involved in Or-AgNPs stabilization.

Raman spectra using 632.8 and 785 nm lasers were obtained in analyses using a freeze-dried Or-AgNPs suspension. In [Figure 4A](#f4-nsa-11-001){ref-type="fig"}, an intense peak is seen at 231 cm^−1^, which is related to the Ag--S bond, suggesting that thiol groups coming from cysteine residues may be linked to the stabilization of the AgNPs dispersion. A weak broad region between 655 and 700 cm^−1^ contains the band corresponding to C--S stretching, in this case associated with cysteine residues.[@b46-nsa-11-001],[@b47-nsa-11-001] A weak band at 1285 cm^−1^ ([Figure 4B](#f4-nsa-11-001){ref-type="fig"}) can be related to an amide III band, whereas the sharp band over 587 cm^−1^ has its closest assignment to a disulfide S--S bond deformation, even though this vibration usually appears in a lower wavenumber range (499 to 553 cm^−1^).[@b48-nsa-11-001]

In order to identify which proteins are bound to the nanoparticles surface, UPLC-MS/MS analysis was carried out. Three proteins were identified via detection of main fragments and matching with MASCOT server, followed by protein structure prediction using the I-TASSER server ([Figure 5](#f5-nsa-11-001){ref-type="fig"}). None of them have yet been characterized empirically; one is hypothetical and the other two have been assigned to predicted functions. The molecular masses varied from 10 to 39 kDa, and all the three proteins are rich in cysteine residues, which contributes to the hypothesis of interaction via sulfur-containing groups.

The gene germin-like protein (Accession number XP_006479011.1) is known for having oxalate oxidase activity in plants and is traditionally linked to plant development. Currently, this protein superfamily is also linked to disease resistance, as it is responsible for the conversion of oxalic acid into H~2~O~2~ and CO~2~. Hydrogen peroxide has the function of mediating cross-link reactions in the cell wall, reinforcing its structure.[@b49-nsa-11-001] However, a study has revealed that the coding gene of germin-like protein in *C. sinensis* is downregulated in plants infected with *Xylella fastidiosa*, which could lead to reduction in growth and development.[@b50-nsa-11-001]

The predicted homolog protein IN2-1 B-like (Accession number XP_006471422.1) has a large identity (99%) and coverage (88%) when compared with glutathione *S*-transferase L3-like protein. The function prediction performed by the COACH metaserver also indicates glutathione as the most probable ligand of this protein. In plants, the glutathione *S*-transferase is the enzyme responsible for the conjugation of glutathione with electrophilic xenobiotics, thus being associated with plant defense against diseases as the expression levels of glutathione *S*-transferase raises significantly after exposure to stress.[@b51-nsa-11-001] Lo Piero et al isolated cDNA and genomic clones of glutathione *S*-transferases from *C. sinensis* L. Osbeck, suggesting the most probable role of vacuolar import of anthocyanin.[@b52-nsa-11-001]

The hypothetical protein CISIN_1g014537 (Accession number KDO42750.1) also had its function predicted by the COACH metaserver, following molecular structure prediction. The highest similarity template protein is an aspartic-type endopeptidase (PDB entry: 1OD1A), which is a common protein type found in plants. This enzyme is a protease with an aspartate residue in the binding site that binds to an activated water molecule, promoting the hydrolysis of a peptide chain in acidic environment.[@b53-nsa-11-001] Its tertiary structure comprises mostly β-strands and low α-helix content.[@b54-nsa-11-001] Not much is known about the biological functions of this enzyme, although some studies have suggested protein degradation and viral polyprotein processing.[@b55-nsa-11-001] However, in citrus plants, this enzyme type has been assigned to the proteolysis of ribulose-1,5-biphosphate carboxylase/oxygenase, which is a protein known for nitrogen storage in plants during growth stages of new organs.[@b56-nsa-11-001]

Minimum inhibitory concentration assay
--------------------------------------

There are many possible explanations for the antimicrobial activity of AgNPs, all of which can contribute to the antimicrobial action.[@b57-nsa-11-001] Le Ouay and Stellacci[@b58-nsa-11-001] state that there are two steps in the mode of action of AgNPs. The first step comprises the physical and chemical modifications that occur in the system that affect the metal availability, whereas the second step is related to the actual interactions that take place between AgNPs and the bacterial cell. Regarding the first step, in interactions where proteins (Or-AgNPs) or carbohydrates (Hsd-AgNPs) are involved, the preexistence of capping agents avoids the attachment of new biomolecules present in the medium directly onto the nanoparticles' surface. However, protein--protein, protein--peptide, carbohydrate--protein, and carbohydrate--peptide interactions may occur via adsorption, modifying the original biomolecules capping.[@b59-nsa-11-001] The newly formed corona is then the portion of the nanoparticle complex that gets in contact with the bacterial cells. The second step involving the actual interactions between the metal and the bacterial surface is highly dependent on the bacterium Gram type. *Xac* is a Gram-negative bacterium and therefore possesses an outer membrane that is lacking in Gram-positive bacteria. This outer membrane is crucial in the selective permeability of the cell. Studies have shown that in the presence of AgNPs, Gram-negative bacteria have their outer membrane selectivity modified, with the subsequent intake of AgNPs that could then interfere with enzymes involved in the respiratory chain of the cell.[@b60-nsa-11-001] Additionally, AgNPs may cause the appearance of "pits" on the cell membrane and accumulation on its surface.[@b61-nsa-11-001] Another possible mechanism involves the release of silver ions; Feng et al[@b62-nsa-11-001] state that the presence of these ions on the bacterial cell wall surface shrank or detached the membrane from the cell wall and they invaded the cell. Moreover, silver ions can either interact with thiol groups from proteins, inactivating them, or can interact with DNA, arresting its replication ability. However, in the presence of biomolecule capping, this mechanism is hindered by the interaction between the newly released silver ions and the capping agents.[@b27-nsa-11-001]

In this case, both types of AgNPs were able to inhibit *Xac* growth in low concentrations: 22±2 μg mL^−1^ for Or-AgNPs and 24±2 μg mL^−1^ for Hsd-AgNPs. The very similar values of MICs reveal that the biomolecule coating has little to no effect on the bacteriostatic effect. Both the nanoparticles stabilized mainly by proteins (Or-AgNPs) and nanocellulose (Hsd-AgNPs) have similar actions, even when considering the smaller size of Hsd-AgNPs. Previous studies of the group[@b24-nsa-11-001],[@b25-nsa-11-001] have already reported on the biosynthesis of AgNPs from fungi and MIC value against *Xac*, which was lower (6.55±0.22 μg mL^−1^) compared with the AgNPs reported here. The bacterium *Xanthomonas perforans*, which affects tomato crops, was also shown to be susceptible to silver in the form of a silver--DNA--graphene oxide nanocomposite (Ag\@dsDNA\@GO) at 100 ppm during in vivo assays.[@b63-nsa-11-001],[@b64-nsa-11-001] It is worth noting that, despite the fact the orange extracts are known for containing antibacterial compounds themselves,[@b65-nsa-11-001]--[@b67-nsa-11-001] this extract was unable to inhibit *Xac* growth in MIC assays mimicking the same conditions used for the AgNP suspensions.

Conclusion
==========

Although the Or-AgNPs have a rather simple synthetic procedure and are more environmental friendly, the reaction is not easy to be controlled due to the existence of many biomolecules in solution that can interfere in the synthesis, which leads to an average reproducibility. On the other hand, Hsd-AgNPs are more laborious to produce (having seen all the extraction steps for both hesperidin and nanocellulose), but the nanoparticles are smaller and more homogeneous in size range and shape, with a higher electrostatic stabilization.

Or-AgNPs are stabilized by proteins which were identified by MS/MS experiments, being one germin-like protein with oxalate oxidase activity, one protein with glutathione *S*-transferase function, and a hypothetical protein assigned to aspartic-type endopeptidase structure and function. These proteins interact with AgNPs surface mainly by nitrogen-containing (as seen through FTIR experiments) and sulfur-containing (as seen through Raman scattering experiments) groups.

The antibacterial activity of both types of AgNPs is essentially equal, situated between 22 and 24 μg mL**^−1^**. This evidence can suggest that both protein and carbohydrate coatings enable a similar mode of action against *Xac* regardless of morphology and size of the nanoparticles. Thus, this study not only provides a comparison of distinct biomolecule coatings on nanoparticle properties using the same starting material but also presents a prospective method of citrus canker control using orange waste for the sustainable production of AgNPs.

Supplementary materials
=======================

###### 

Example of MIC assay after incubation for 48 h at 35°C using fresh peel extract AgNPs.

**Notes:** The first row is a positive control, containing culture medium and the bacteria; the second row is a negative control, containing culture medium and AgNPs suspension; the third row contains only the stock AgNPs suspension and, from rows 12 to 4, there is a positive gradient of AgNPs concentration.

**Abbreviations:** AgNPs, silver nanoparticles; MIC, minimum inhibitory concentration.

###### 

TEM micrographs of AgNPs: **(A--D)** correspond to fresh orange peel extract AgNPs; **(E--H)** correspond to hesperidin and nanocellulose produced AgNPs.

**Abbreviations:** AgNPs, silver nanoparticles; TEM, transmission electron microscopy.
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![UV--Vis absorption spectrum of Or-AgNPs after 48 h of reaction displaying the characteristic surface plasmon resonance band at 449 nm. In detail, the photographic image of the extract (left) and the corresponding AgNPs suspension (right) **(A)**. The kinetic progression of the Or-AgNPs reaction during the 48 h monitored setting the absorbance at 430 nm **(B)**. UV--Vis absorption spectrum of Hsd-AgNPs after 2 h of reaction displaying the characteristic surface plasmon resonance band at 411 nm. In detail, the photographic image of the AgNPs suspension **(C)**. The kinetic progression of the Hsd-AgNPs reaction during the 2 h monitored setting the absorbance at 411 nm **(D)**.\
**Abbreviations:** AgNPs, silver nanoparticles; AU, arbitrary unit; Hsd, hesperidin; Or, aqueous orange; UV-vis, ultraviolet-visible.](nsa-11-001f1){#f1-nsa-11-001}

![X-ray diffraction pattern of orange peel extract AgNPs **(A)**; images of orange peel extract AgNPs obtained by TEM (**B** and **C**); X-ray diffraction pattern of hesperidin/nanocellulose AgNPs **(D)**; images of hesperidin/nanocellulose AgNPs obtained by TEM (**E** and **F**).\
**Abbreviations:** AgNPs, silver nanoparticles; AU, arbitrary unit; TEM, transmission electron microscopy.](nsa-11-001f2){#f2-nsa-11-001}

![Comparison of FTIR spectra of freeze-dried samples of orange peel extract and Or-AgNPs **(A)** and Hsd-AgNPs **(B)**.\
**Abbreviations:** AgNPs, silver nanoparticles; AU, arbitrary unit; FTIR, Fourier-transformed infrared spectroscopy; Hsd, hesperidin; Or, aqueous orange.](nsa-11-001f3){#f3-nsa-11-001}

![Raman scattering spectra of Or-AgNPs suspension using 632.8 nm laser **(A)** and 785 nm laser **(B)**.\
**Abbreviation:** AgNPs, silver nanoparticles; Or, aqueous orange.](nsa-11-001f4){#f4-nsa-11-001}

![Proteins identified as capping agents in Or-AgNPs in UPLC-MS/MS experiments, with tridimensional structures predicted by I-TASSER server.\
**Abbreviations:** AgNPs, silver nanoparticles; Or, aqueous orange; UPLC-MS/MS, ultra performance liquid chromatography-tandem mass spectrometer.](nsa-11-001f5){#f5-nsa-11-001}
